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SUMMARY 
Thin aluminum films have been constdered for use as a reflective surface 
for solar collectors on orbiting solar dynamic power systems. 
concern is the durability of such reflective coatings against oxidative attack 
by highly reactive neutral atomic oxygen, which is the predominant chemical 
specie in low earth orbit. 
protective merit of thin dielectric coatings over aluminum or other reflective 
metals. However, an uncoated aluminum reflector may self-protect by virtue of 
the oxide formed from its exposed surface, which constitutes a physical barrier 
to further oxidation. 
made to characterize the effects of atomlc oxygen on thin A1 fllms using photo- 
micrographs, scanning electron microscopy, spectrophotometry, Auger analysis, 
and mass measurements. Data collected in a parallel effort (to monitor spec- 
ular reflectivity of various coated reflectors in an atomic oxygen environment) 
is discussed for its comparative value. The results of the investigation of 
uncoated aluminum supported the self-protection hypothesis, and importantly, 
it was found that long term specular reflectance for uncoated aluminum exceeded 
that of A1 and Ag reflectors with dielectric coatings. 
A matter of 
Research to date has been aimed at evaluating the 
This possibility was investigated, and an attempt was 
INTRODUCTION 
A principal environmental hazard encountered in low earth orbit (LEO) is 
oxidation by ram impact of neutral atomic oxygen. Typical impacts carry a 
kinetic energy of approximately 4 . 2  eV at an altitude of 465 km, which is typ- 
ical of space station altitudes (ref. 1). This kinetic energy could supply 
the energy of activation for thermodynamically feasible, oxygen radlcal-based 
reactions. To date, most research toward protection of solar reflector mate- 
rials from oxidation has been focused on the use of thin film dielectrics such 
as $102, MgF2, and A1203 (refs. 2 and 3). These coated reflectors have an 
Immensely increased resistance to atomic oxygen attack as compared to uncoated 
Ag reflectors. Losses in specular reflectance still occur, but at a much 
slower rate (refs. 2 and 3). If these losses could be eliminated completely, 
efflciency would be increased over the lifetime of a solar reflector. 
Characteristics of the terrestrial oxidation of aluminum suggest that 
uncoated aluminum reflectors may self-protect, thus eliminating the need for 
an applied coating. In normal earth atmosphere, aluminum metal carries a 
surface layer of aluminurn oxide a few tens of Angstroms thick, which is bullt 
up f rom reac t ion  w i t h  d ia tomic  oxygen. This  l a y e r  bonds w e l l  enough t o  t h e  
base meta l  t h a t  macroscopic s igns o f  o x l d a t i o n  do n o t  occur.  I f  aluminum 
behaves analogously when r e a c t i n g  w l t h  monatomlc oxygen, then one might  expect 
a deeper A1203 l a y e r  t o  develop due t o  b o t h  t h e  g r e a t e r  r e a c t i v l t y  and 
g r e a t e r  d i f f u s i v i t y  o f  atomic oxygen, a f t e r  which t h e  r e a c t i v e  oxygen specie 
i s  e f f e c t i v e l y  b locked ou t .  
The o b j e c t i v e  o f  t h i s  study was t o  i n v e s t i g a t e  t h l s  s e l f - p r o t e c t i o n  
hypothes is  through observat lons o f  t rends  i n  specular  r e f l e c t a n c e  (versus  t i m e  
i n  an atomic oxygen environment)  t o  determine t h e  v i a b i l i t y  o f  uncoated a lumi-  
num as a LEO s o l a r  r e f l e c t o r  m a t e r i a l .  
Data c o l l e c t e d  i n  a p a r a l l e l  e f f o r t  was used as a p r imary  means o f  com- 
p a r i n g  t h e  r e s u l t s  obta ined f o r  uncoated aluminum r e f l e c t o r s  w i t h  t h e  per form- 
ance o f  t y p i c a l  coated r e f l e c t o r s .  I n  t h i s  p a r a l l e l  study, samples c o n s l s t e d  
of var ious  candidate coated r e f l e c t o r s ,  and so p rov lded an e x c e l l e n t  b a s i s  f o r  
comparing the performance o f  uncoated A1 r e f l e c t o r s  w i t h  t h a t  o f  t y p i c a l  coated 
r e f l e c t o r s .  
EXPERIMENTAL PROCEDURE 
The samples cons is ted  o f  a n a l y t l c a l  grade aluminum, magnetron s p u t t e r e d  
a t  500 W and 13.56 MHz onto o p t i c a l l y  f l a t ,  2 cm squared, fused s i l i c a  s l i d e s .  
The A1 f i l m  th ickness  was 1800 A,  which i s  t y p i c a l  o f  f i l m  th icknesses  under 
cons idera t ion  f o r  use I n  s o l a r  dynamic r e f l e c t i n g  m i r r o r s .  
V e r i f i c a t l o n  o f  t h e  growth o f  an adherent A1203 f i l m  was based l a r g e l y  
on t h e  presence o f  A1 f i l m  d e f e c t s  ( i . e . ,  ho les) ,  i n  t h e  samples used. From 
these, one may p o s t u l a t e  an i n c r e a s i n g l y  t h i n  A1 l a y e r  as one approaches t h e  
e f f e c t i v e  center  o f  each d e f e c t  ( f i g .  1 ) .  I t  i s  then reasonable t o  i n f e r  t h e  
ex is tence o f  s i t e s  where t h e  aluminum f i l m  becomes exceedingly  t h i n  - on t h e  
order  o f  several  atomic diameters - b u t  i s  con t tnuous ly  i n t a c t .  I n  these two 
types o f  s t ruc tu res ,  convers ion o f  some g i v e n  depth o f  aluminum t o  t r a n s p a r e n t  
aluminum oxide would e l t h e r  widen o p t i c a l  a p e r t u r e  w id ths  o r  c r e a t e  o p t i c a l  
aper tu res  where none had e x i s t e d .  Therefore,  t h e  s i z e  and number o f  l i g h t -  
t r a n s m i t t l n g  d e f e c t s  and t h e  o v e r a l l  A1 f i l m  t r a n s m i t t a n c e  would be expected 
t o  increase w i t h  exposure t o  atomic oxygen. 
The size and number o f  l i g h t - t r a n s m l t t l n g  d e f e c t s  was moni tored by o p t i -  
c a l  microscopy, w l t h  b a c k l l g h t l n g ,  a t  22.5 t o  500X m a g n i f l c a t l o n .  A d d i t i o n a l  
s t r u c t u r a l  d e t a i l s  were moni tored us ing  scanning e l e c t r o n  microscopy (SEM) 
w i t h  m a g n i f i c a t i o n  t o  10 OOOX. Specular r e f l e c t a n c e  was measured over t h e  
wavelength r e g i o n  f rom 200 t o  2 500 nm u s l n g  a Perkin-Elmer Lambda-9 U V - V I S - N I R  
spectrophotometer operated w i t h  a 60 mm d lameter  i n t e g r a t i n g  sphere. Average 
values f o r  s o l a r  specular  r e f l e c t a n c e ,  ob ta ined by c o n v o l u t i o n  i n t o  t h e  a l r -  
mass-zero (AMO) s o l a r  i n t e n s i t y  spectrum ( r e f .  4 ) ,  were c a l c u l a t e d  f o r  q u a n t i -  
t a t i v e  comparison over t ime.  
b o t h  s p e c t r a l l y  and as an i n t e g r a t e d  s o l a r  va lue.  
Sample t r a n s m i t t a n c e  was ob ta ined s l m i l a r l y ,  
To simulate t h e  LEO atomic oxygen envlronment, t h e  samples were p laced 
i n s i d e  t h e  r e a c t i o n  chamber o f  a S t r u c t u r e  Probe I n c .  Plasma-Prep I 1  plasma 
asher.  This d e v i c e  c rea tes  a plasma envlronrnent by pass ing a c a r r  e r  gas ( i n  
t h i s  case amblent a i r )  over t h e  samples and e x c i t l n g  t h e  gas w i t h  00 W o f  
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cont inuous wave r f  power a t  13.56 MHz. The opera t i ng  pressure i s  about 50 vm. 
A d i r e c t  r e l a t i o n s h i p  between exposure t ime i n  the  asher and i n  LEO i s  d i f f i -  
c u l t  t o  determine, due t o  bo th  the  d i f f e rences  between space and t h e  plasma 
environment i n  terms o f  species present ,  f l u x ,  energy, and e l e c t r o n i c  s t a t e ,  
and t o  t h e  c u r r e n t  l a c k  o f  space data f o r  t h e  m a t e r i a l s  concerned f rom which 
t o  cons t ruc t  c o r r e l a t i o n s .  However, use o f  t h e  asher does a l l o w  gross de te r -  
m ina t i on  o f  t h e  r e l a t i v e  l i k e l i h o o d  o f  s u r v i v a b i l i t y  o f  m a t e r i a l s  i n  LEO. The 
samples were removed f rom the  asher a t  i nc reas ing  i n t e r v a l s  rang ing  f rom 20 t o  
112 h r  f o r  c h a r a c t e r i z a t i o n  and ana lys is .  
As a f i n a l  c h a r a c t e r i z a t i o n  technique, Auger depth p r o f i l e s  were performed 
on an alumlnum r e f l e c t o r  exposed t o  a i r  plasma f o r  304 h r ,  and on one exposed 
on ly  t o  atmosphere. 
p rov ide  f u r t h e r  means of eva lua t i ng  t h e  s e l f - p r o t e c t i o n  hypothes is .  
Any d i f f e rences  i n  ox ide depth and/or composi t ion would 
The c o n s t r u c t i o n  of the coated r e f l e c t o r  samples was somewhat d i f f e r e n t  
f rom t h a t  o f  t he  uncoated A1 r e f l e c t o r s .  For each coated r e f l e c t o r  sample, a 
graphi te-epoxy subs t ra te  was coated by evaporat ion techniques w i t h  e i t h e r  A1 
over C r ,  o r  Ag over Cu, w i t h  t h e  former o f  each p a i r  a c t i n g  as t h e  r e f l e c t i v e  
m a t e r i a l ,  and t h e  l a t t e r  as a b inder  layer .  
MgF2, and MgF2 over Si02 were then deposl ted t o  c r e a t e  s i x  d i f f e r e n t  types o f  
composite r e f l e c t o r s .  The Si02 coat ings were deposi ted by evaporat ion,  w h i l e  
t h e  MgF2 coa t ings  were deposi ted by i o n  beam s p u t t e r i n g .  Each l a y e r  was 1000 A 
t h i c k ,  w i t h  t h e  except ion  o f  MgF2, which was 800 A.  Whi le  these samples were 
prepared d i f f e r e n t l y  f rom the  uncoated A1  r e f l e c t o r s ,  t h i s  does n o t  p revent  
u s e f u l  comparisons. The manner o f  asher exposure f o r  these samples was i d e n t i -  
c a l  t o  t h a t  o f  t h e  uncoated A1 samples, and SEM photographs and spect rophoto-  
m e t r i c  da ta  were s i m i l a r l y  gathered. 
As p r o t e c t i v e  coat ings ,  Si02, 
RESULTS AND DISCUSSION 
Op t i ca l  Microscope Observat ions 
The nominal  d iameter o f  t h e  o p t i c a l  aper tu res  i n  t h e  1800 A A1 f i l m  
increased w i t h  asher exposure. 
n a l  d iameter;  a t  192 hr, t h e  l a r g e s t  was 23 pm ( f i g .  2 ) .  
A t  23 hr, t h e  l a r g e s t  ape r tu re  was 5 pm nomi- 
The number o f  l i g h t - t r a n s m i t t i n g  defects  per  u n i t  area increased as ashing 
progressed. I n  t h e  densest reg ion  a t  23 h r ,  t h e  aper tu re  d e n s i t y  was rough ly  
1.9/mm2, whereas a t  192 h r  t he  value reached 13.9/m2 ( f i g .  3 ) .  
cu la ted  by manual ly  count ing  t h e  number of v i s i b l e  l i g h t - t r a n s m i t t i n g - d e f e c t s  
i n  photomicrographs o f  known magn i f i ca t i on .  Defects which a t  f i r s t  b a r e l y  
t r a n s m i t t e d  l i g h t  c o n t i n u a l l y  became more t r a n s m i t t i n g .  Th is  can be seen 
q u a l i t a t i v e l y  i n  f i g u r e  4. 
Th is  was c a l -  
These observa t ions  match t h e  behavior expected as an ox ide  l a y e r  grows 
deeper where de fec ts  a r e  present ,  as depic ted i n  f i g u r e  1. Therefore,  an 
enhanced degree o f  sur face  o x i d a t i o n  I s  i nd i ca ted .  
Spectrophotometr ic Measurements 
The o v e r a l l  t r ansmi t tance  o f  t h e  f q l m s  increased w i t h  ashing t i m e .  Th is  
i s  apparent i n  t h e  t y p i c a l  t ransmi t tance spectra presented i n  f i g u r e  5, and i n  
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t h e  i n t e g r a t e d  s o l a r  values, c a l c u l a t e d  f rom t h e  t ransmi t tance spec t ra  and 
p l o t t e d  against  asher exposure t i m e  ( f i g .  6 ) .  The s c a t t e r  i n  t h l s  l a t t e r  t r e n d  
i s  due t o  an approach of t h e  ins t rument  p r e c i s i o n  l i m i t ,  p roducing f l u c t u a t i n g  
t ransmi t tance values. These i n t r o d u c e  a l a r g e  r e l a t i v e  random e r r o r ,  which 
was a m p l i f i e d  i n  t h e  use o f  a numerical  i n t e g r a t i o n  technique.  
Ref lectance data gave a d d l t i o n a l  suppor t  f o r  t h e  s e l f - p r o t e c t i o n  hypothe- 
s i s .  I n  the wavelength r e g i o n  f rom 200 t o  about 500 nm, a n o t a b l e  inc rease i n  
sample r e f l e c t i v i t y  occurred as ashing progressed ( f i g .  7 ) .  Th is  inc rease i n  
r e f l e c t a n c e  might  be expected when a t h i n  f i l m  o f  A1203 i s  added t o  an A1 
sur face .  
Perhaps t h e  most s i g n i f i c a n t  r e s u l t  was t h e  long-term h i g h  specular  
r e f l e c t a n c e  o f  t h e  samples. The performance o f  t h e  uncoated A1 f i l m s  was 
except iona l ,  s t a r t i n g  and remaining above 96 percent  specular r e f l e c t a n c e  
( s o l a r  weighted average, 200 t o  2 500 nm), and i n  genera l ,  i n c r e a s i n g  w i t h  
ashing t i m e .  This inc rease i n  s o l a r  r e f l e c t a n c e  i s  a t t r i b u t a b l e  t o  t h e  noted 
inc rease i n  wave length-spec i f i c  r e f l e c t a n c e  i n  t h e  s h o r t e r  wavelength r e g i o n  
( f i g .  7 ) .  O f  the  coated r e f l e c t o r s ,  none were as r e f l e c t i v e  p r i o r  t o  ashing, 
and none had such long-term i n v u l n e r a b l l i t y  t o  o x i d a t i v e  degradat ion o f  
r e f l e c t i v i t y .  Each of t h e  coated r e f l e c t o r s  l o s t  specular  r e f l e c t i v i t y  as 
ashing progressed, w l t h  these losses becoming s i g n i f i c a n t  near 150 h r  o f  
ashing.  Absolute specular r e f l e c t a n c e  versus plasma exposure t i m e  i s  presented 
i n  f i g u r e  8 f o r  both uncoated A1 and f o r  t h e  coated r e f l e c t o r s .  
I t  should be noted t h a t  t h e  o p t i c a l  f l a t n e s s  o f  t h e  fused s i l i c a  sub- 
s t r a t e s  was l l k e l y  s u p e r i o r  t o  t h a t  o f  t h e  graphi te-epoxy subs t ra tes .  This  
might  have c o n t r i b u t e d  t o  t h e  i n i t i a l  super io r  r e f l e c t a n c e  o f  t h e  uncoated 
samples, and i t  could account f o r  t h e  d i f f e r e n c e  i n  l i f e t i m e  specular r e f l e c -  
tance. A rougher sur face  may p r o v l d e  s i t e s  f o r  c o a t i n g  d e f e c t s  t o  occur.  
Auger Analys is  
Analysls o f  b o t h  an ashed and an unashed sample by Auger E l e c t r o n  Spec- 
t roscopy showed no major d i f f e r e n c e s  i n  t h e  th ickness  and composi t ion of t h e  
r e s p e c t i v e  ox ide l a y e r s .  I n  each case, t h e  ox ide  l a y e r  th ickness  was about 
100 A.  The ashed sample d i d ,  however, show a s l i g h t l y  h igher  O / A l  r a t i o  (1.2 
versus 1.0).  Since t h e  r a t i o  would be 1 . 5  i f  t h e  sur face  c o n s i s t e d  e n t i r e l y  
o f  Al2O3, I t  I s  reasonable t o  conclude t h a t  t h e r e  was some elemental  A1 meta l  
w i t h i n  t h e  f i r s t  30 A o f  t h e  sur faces o f  b o t h  samples. 
Whi le  the d i f f e r e n c e s  i n  Auger p r o f i l e s  between t h e  ashed and unashed 
samples were n o t  la rge ,  they cou ld  account f o r  some o f  t h e  observat ions d i s -  
cussed above. The increase I n  s l z e  and number o f  o p t l c a l  aper tu res  c l e a r l y  
I n d i c a t e s  an e f f e c t  o f  t h e  plasma. 
a n a l y s i s  above t h a t  t h e r e  was some elemental  A1 w i t h i n  t h e  f i r s t  30 8, o f  t h e  
surfaces o f  bo th  samples, and, s ince  t h e r e  was a s l i g h t l y  h i g h e r  O / A l  r a t i o  i n  
t h e  ashed sample, i t  i s  reasonable t o  assume t h a t  some o f  t h i s  sur face elemen- 
t a l  A1 was converted t o  t h e  ox ide  i n  t h e  asher.  Hence, i t  i s  a l s o  reasonable 
t o  suspect t h a t  areas o f  t h e  A1 f i l m  t h a t  were very t h i n  i n i t i a l l y  (<30 A,  t h e  
o p t i c a l  near-apertures) cons is ted  almost e n t i r e l y  o f  t h e  m e t a l - r i c h  ox ide.  
Conversion o f  t h i s  sur face  A1 t o  t r a n s l u c e n t  ox ide  would then be expected t o  
cause t h e  s l z e  and number of  o p t i c a l  aper tu res  t o  inc rease,  as was observed. 
Since i t  was i n d i c a t e d  f rom t h e  Auger 
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Thus, t h e  Auger ana lys i s ,  coupled w i t h  the o p t i c a l  microscope observa- 
t l o n s ,  i n d i c a t e s  t h a t  w h i l e  oxygen plasma exposure does n o t  cause an i nc rease  
i n  sur face  ox lde th ickness ,  I t  s t i l l  has a modest e f f e c t .  The e f f e c t  i s  seen 
as an increased degree o f  surface ox ida t ion ,  o c c u r r i n g  main ly  i n  t h e  f l r s t  
30 A o r  so o f  t h e  sur face.  
Mass Measurements 
Sample mass remained e s s e n t i a l l y  constant throughout  asher exposure. Cal-  
c u l a t i o n s  showed t h a t  an a d d i t i o n a l  amount o f  A1203 ( e q u i v a l e n t  t o  about 
50 9nonolayers")  would be necessary t o  measure a 10 pg inc rease i n  sample mass 
( t h e  smal les t  measurable increment) .  Thus, t h e  l ack  o f  a change i n  sample 
mass suggests t h a t  o x i d a t i o n  d i d  no t  progress t o  t h i s  ex ten t .  
SEM Observations 
No p h y s i c a l  I n d i c a t i o n s  o f  any crumbl ing o r  f l a k i n g  o f  sur face  l a y e r s  
cou ld  be seen. This  r e i n f o r c e s  the  idea o f  a strongly-bonded ox ide  l a y e r .  
F lgu re  9 presents  examples of t h e  h ighest  magniflcation/resolution a t t a i n e d ,  
wherein no s p a l l i n g  or  f l a k i n g  can be detected t o  a sca le  o f  about 10 A.  
Darkened patches on t h e  sur face f i l m ,  v i s i b l e  under SEM, developed a f t e r  
192 hr o f  ashing ( f i g .  10 ) .  The l a r g e r  d e t a i l  o f  f i g u r e  10 i s  t h e  d e f e c t  
viewed i n  f i g u r e  4. Comparing f i g u r e  4(c) w i t h  f i g u r e  10, one can see t h a t  
these darkened patches were no t  the new o p t i c a l  aper tures observed i n  f i g u r e  3. 
Under SEH, nodule fo rmat lon  was observed as a f u n c t i o n  o f  i n c r e a s i n g  ash- 
i n g  t lme ( f i g .  11). When s i l v e r  l s  t he  r e f l e c t i v e  meta l  I t  i s  o x i d i z e d  a t  
coa t lng  f r a c t u r e s ,  where i t  must expand outward, s ince  t h e  molar volume o f  t h e  
ox ide  i s  3.2 t lmes g rea te r  than t h a t  o f  t h e  meta l .  
t h e  de fec t  so  t h a t  t he  process i s  u l t i m a t e l y  l i m i t e d  by r a t e s  o f  d i f f u s i o n  
atomic oxygen through the  ox ide  ( r e f .  5 ) .  I t  I s  unc lear  a t  t h i s  p o i n t  what 
p a r a l l e l s  may e x i s t  between t h i s  process and t h e  development of t h e  nodules 
observed i n  uncoated A1 r e f l e c t o r s .  
The expanding ox lde  p lugs  
CONCLUDING COMMENTS 
Aluminum apparent ly  does s e l f - p r o t e c t  i n  an oxygen plasma environment, 
e v i d e n t l y  through good adherence of i t s  n a t i v e  ox ide .  Due t o  t h e  d i e l e c t r i c  
na tu re  o f  Al2O3, an Increase i n  t h e  e f f e c t i v e  ox ide  f i l m  depth, which 
r e s u l t e d  f r o m  an increased degree o f  surface o x i d a t i o n  (due, i n  t h i s  case, t o  
oxygen plasma exposure), can enhance t h e  specular r e f l e c t a n c e .  
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FIGURE 2. - S I Z E  OF THE LARGEST TWO OPTICAL APERTURES 
I N  AN AL FILM AS OXYGEN PLASMA EXPOSURE PROGRESSES. 
(B) DtNSEST AREA AT 1 9 2  HR (DENSIIY APPROXIMATELY 
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FIGURE 3 .  - DENSITY OF LIGHT-TRANSMITTING-DEFECTS 
I N  AN AL F I L M .  REGION DEPICTED I N  EACH PHOTOGRAPH 
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UNSMOOTHED TRANSMITTANCE SPECTRUM OF UNCOATED ALUMINUM 
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FIGURE 5. - TRANSMITTANCE SPECTRA OF A SAMPLE AT 23 AND 304 HR OF ASHING. 
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FIGURE 6. - INTEGRATED SOLAR TRANSMITTANCE PLOTTED AGAINST ASHING TIME. 
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FIGURE 8. - PLOT OF SPECULAR REFLECTANCE FOR UNCOATED ALUMINUM AND VARIOUS COATED REFLECTORS. VERSUS 
T I M  I N  ASHER. 
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FIGURE 9. - tXAMPLtS OF HlGHtST RtSOLUTlON ATTAlNtD WITH THt StM. NO C L t A R  SIGNS OF POOR 
OXIDE ADHCRtNCt. ASHFD 197 H R .  
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( A )  ASHED O HR. NO DARK PATCHES. I 
t B )  ASHtD 197 H R .  NIIMtROllS DARK SPOTS. 
FIGURE 10. - DARKENED PATCHtS (ON NONDLFECTtI! AL F I L M )  OHStRVtD UNDER S t M .  
13  
I 
-- lo pfl 
(A)  ASHED 71 HR. (B) ASHED 121 t i R .  
(C) ASHED 192 HR. (D) ANOTHER DETAIL,  ASHED 192 HR. 
FIGURE 11. - tXAMPLtS OF NODULE FORMULATION AS A FUNCTION OF ASHlNG TIME.  
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